Post-fire rehabilitation treatments are commonly implemented after high-severity wildfires, but few data are available about the efficacy of these treatments. This study assessed post-fire erosion rates and the effectiveness of seeding, straw mulching, and contour felling in reducing erosion after a June 2000 wildfire northwest of Loveland, Colorado. Site characteristics and sediment yields were measured on 12 burned and untreated control plots and 22 burned and treated plots from 2000 to 2003. The size of the hillslope plots ranged from 0Ð015 to 0Ð86 ha.
INTRODUCTION
Erosion rates from undisturbed forests are generally low, with typical sediment yields from small forested catchments in the western USA ranging from 0Ð02 to 1Ð2 Mg ha 1 year 1 (Patric et al., 1984; MacDonald and Stednick, 2003) . In the Colorado Front Range the mean sediment yield from four 1 m Gerlach traps on unburned hillslopes was only 0Ð3 Mg ha 1 year 1 (Moody and Martin, 2001 ). On unburned 1 m 2 plots a simulated rainfall of 76 mm h 1 generated a mean sediment yield of only 0Ð7 Mg ha 1 (Benavides-Solorio and MacDonald, 2001, 2002) .
Intense wildfires can increase the amount of runoff and erosion in forested areas by several orders of magnitude (e.g. Helvey, 1980; Morris and Moses, 1987; Robichaud et al., 2000; Benavides-Solorio and MacDonald, 2001 , 2002 , 2005 . These increases are attributed to a series of changes in the underlying hydrologic processes. In coniferous forest and chaparral ecosystems, moderate-and high-severity fires can induce a water-repellent layer at or below the soil surface, and this can greatly reduce the infiltration rate (DeBano, 1981; Imeson et al., 1992) . The loss of ground cover by burning increases rain-splash erosion, may induce soil sealing, decreases surface roughness, and reduces the time to initial runoff (DeBano et al., 1998; Johansen et al., 2001) . By removing most or all of the vegetative, litter, and duff cover, high-severity wildfires reduce water losses through interception and transpiration, and this can further increase runoff.
These changes in runoff processes increase the volume and rate of runoff, which greatly increases the risk of flooding and the resultant threat to life and property downstream (Tiedemann et al., 1978; Robichaud et al., 2000) . The changes in runoff induce an even larger increase in surface and channel erosion and a corresponding degradation of water quality (Tiedemann et al., 1978; DeBano et al., 1998; Moody and Martin, 2001 ; Kunze and Stednick, 2006) . The downstream delivery of this sediment can impair aquatic habitats, damage in-stream structures, and reduce reservoir storage capacities (Graham, 2003) .
In the USA, land managers often attempt to reduce the adverse effects of high-severity wildfires by applying emergency post-fire rehabilitation treatments (e.g. USDA Forest Service, 1995 , 2000a , 2002 . The most frequent treatments include grass seeding, mulching with straw, and contour felling . Land managers generally believe that these treatments are effective in reducing sediment yields, but few studies have rigorously tested the effectiveness of these treatments (Barro and Conard, 1987; MacDonald, 1989; Robichaud et al., 2000) .
Grass seeding is the most commonly applied treatment because it is inexpensive and can be readily applied over large areas by aircraft. The goal is to increase revegetation rates and thereby increase infiltration, reduce rain splash, increase surface roughness, and reduce post-fire runoff and erosion rates. Previous studies have shown that seed germination is strongly influenced by seed density (California Division of Forestry, 1959; Krammes and Hill, 1963) and the amount and timing of rainfall (Corbett and Green, 1965; Barro and Conard, 1987; Amaranthus, 1989; Gross et al., 1989) . Studies on the effectiveness of seeding have tended to measure changes in cover rather than erosion rates (e.g. California Division of Forestry, 1957; Orr, 1970; Tiedemann and Klock, 1973; Dean, 2001 ). Of the 19 seeding studies reviewed by Robichaud et al. (2000) , only eight measured first-year erosion rates, and only one of these studies documented a reduction in erosion due to seeding.
Straw mulch is commonly used to increase ground cover on disturbed sites and reduce erosion rates (Meyer et al., 1970; Goldman et al., 1986) . While straw mulch has been used in severely burned areas since at least the 1980s (USDA Forest Service, 1995) , there are few inquiries on its ability to reduce post-fire erosion. One study in Spain evaluated the effectiveness of mulching in a semi-arid pine forest that had been burned by a wildfire (Bautista et al., 1996) . Straw mulch was applied at a rate of 2 Mg ha 1 to three 16 m 2 plots while three plots were left untreated. Over a 19-month period the mean sediment yield from the untreated plots was 1Ð1 Mg ha 1 versus 0Ð1 Mg ha 1 from the mulched plots (Bautista et al., 1996) . After the Cerro Grande Fire in New Mexico the application of straw mulch with seed reduced sediment yields in six 30-m 2 plots by 70% in the first year and 95% in the second year (Dean, 2001) .
In contour felling, burned trees are cut down and the delimbed boles are placed on the contour to trap runoff and sediment (Figure 1) . In most cases a small trench is dug upslope of the logs, and the excavated soil is placed between the log and the ground to prevent underflow. Infiltration may be enhanced if the trenches extend through a fire-induced water-repellent layer, and some hydrologists believe that the enhanced infiltration and water storage capacity in these trenches can reduce runoff rates. Storage capacities of up to 152 m 3 ha 1 have been reported from contour-felled hillslopes in the San Jacinto Mountains in California (Wohlgemuth et al., 2001) , but more typical values range from the 4Ð9 m 3 ha 1 reported from the Wenatchee National Forest in Washington (Robichaud, 2000) to 67 m 3 ha 1 in central Colorado (P. Robichaud, USDA Forest Service, unpublished data, 2004) . The effect of contour felling on post-fire sediment yields is uncertain, as the treated areas in both the California and the Washington studies had higher sediment yields than the untreated areas in the first year after burning. In the California study this was attributed to thinner soils and a correspondingly lower water-holding capacity in the treated watershed (Wohlgemuth et al., 2001 ). In the Washington study the difference was attributed to a higher intensity rainstorm on the treated watershed relative to the control watershed (Robichaud, 2000) .
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Figure 1. A contour-felled log. The trench upslope of the log is created by excavating the soil and piling it against the log to prevent underflow These post-fire treatments can be quite expensive due to the large areas being treated and the costs of labour, materials, and transportation. Approximately US$72 million was spent on post-fire rehabilitation after the 170 km 2 Cerro Grande Fire in New Mexico (Morton et al., 2003) and US$18 million after the 560 km 2
Hayman Fire in Colorado (Graham, 2003) . US$786 000 was spent for rehabilitation after the 42 km 2 Bobcat wildfire, which was the primary study area for this paper, and the per hectare costs ranged from US$220 for seeding to about US$1000 for straw mulching and contour felling (USDA Forest Service, 2000d) . Although millions of dollars per year are being spent on post-fire emergency rehabilitation treatments, there are few data on the efficacy of these treatments or the underlying processes that control the effectiveness of a given treatment.
Goal and objectives
The goal of this project was to evaluate the effectiveness of three common post-fire rehabilitation treatments in burned areas along the Colorado Front Range. The basic design was to compare site characteristics and hillslope sediment production rates from treated and untreated control plots over a 4 year period. Sediment production rates were related to site characteristics and rainfall rates. The specific objectives were to: (1) determine whether seeding, mulching, or contour felling affected the amount of ground cover and vegetative regrowth relative to the untreated control plots; (2) determine whether any of the treatments reduced sediment yields relative to the untreated control plots; (3) relate the measured sediment yields to rainfall and site characteristics; (4) quantify the installation quality of several contour-felling treatments, and assess how this can affect runoff and sediment yields.
METHODS

Study areas
Three recent wildfires in the Colorado Front Range were selected for study. All of the erosion plots were established on the June 2000 Bobcat Fire. This burned 42 km 2 of primarily ponderosa pine forest about 20 km northwest of Loveland, Colorado (Figure 2 ). Additional sites to evaluate contour felling were established on the Eldorado Fire, which burned 4Ð5 km 2 west of Boulder in September 2000, and the Hi Meadows Fire, which burned nearly 44 km 2 southwest of Denver in June 2000 (Figure 2 ). Nearly 50% of the area in the Bobcat Fire was burned at high severity as defined by Wells et al. (1979) and mapped by the USDA Forest Service (2000a). The areas burned at high severity were targeted for emergency rehabilitation treatments as they had the highest risk for increased runoff and erosion (USDA Forest Service, 2000a) . The most extensive treatment was grass seeding using a mixture of slender wheatgrass (Elymus trachycaulus), mountain brome (Bromus marginatus), and a commercial mix of sterile grass seed (Regreen  ). The target seed density was 430 m 2 or 34 kg ha 1 , and seeds were spread over 1050 ha by either aerial or hand application. The second treatment was mulching, and weed-free wheat straw was spread manually over approximately 50 ha at a rate of 2Ð2 Mg ha 1 . Contour felling was applied on 170 ha with a target density of 300-450 metres of logs per hectare (USDA Forest Service, 2000a,b) . The straw mulch and contour-felled logs were generally installed in areas of special concern (USDA Forest Service, 2000a).
The three study sites in the Bobcat Fire (Bobcat, Galuchie, and Spruce sites) were selected because of the treatments applied, the presence of suitable swales for the installation of plots, and accessibility ( Figure 3 ). The elevation of these sites ranges from 2100 to 2500 m, and the dominant pre-fire vegetation was ponderosa pine (Pinus ponderosa) with some intermixed lodgepole pine (Pinus contorta). All three sites are underlain by schist and gneiss (Cannon and Gleason, 2000) . Soils generally were gravelly sandy loams with up to 20% rock outcrop (USDA Forest Service, 2000c) .
In both the Eldorado and Hi Meadows Fires we selected two sites to evaluate the sediment storage capacity and installation quality of contour felling. The elevations of these study sites were between 2200 and 2400 m and slopes were 33-43%. The soils in both the Eldorado and Hi Meadows sites are stony or gravelly sandy loams (WPNRC, 2000; Gartner, 2003) . All four sites were in ponderosa pine forests that had burned at high severity.
Experimental design and application of treatments
Thirty-four hillslope plots were established on the three Bobcat Fire sites. The plots were topographically defined and had contributing areas of 0Ð015 to 0Ð86 ha. Silt fences were installed at the outlets of the plots to measure sediment yields from natural rainfall and snowmelt. Twelve plots were burned and untreated controls and 22 plots were in burned areas treated by the USDA Forest Service or were treated following its specifications (USDA Forest Service, 1995) . The 22 treated plots included four seeded plots (two aerial-seeded and two hand-seeded), seven mulched plots, and 11 contour-felling plots ( Table I ). The sediment yields for 2000 were based on data from 16 plots that were installed prior to a very large storm on 16 August 2000. These included nine plots on the Bobcat and Galuchie sites (three control plots, two mulched plots, and four contour-felled plots) and seven plots on the Spruce site (one aerial seeded, one mulched, two controls, and three plots that had not yet been treated and were therefore classified as controls for this storm). By September 2000 all of the plots and treatments in the Spruce site had been installed except for two untreated controls and three mulch plots; these were established in May 2001. One additional control plot was established at both the Bobcat and Galuchie sites in May 2001. Because the storm on 16 August 2000 greatly affected the sediment storage capacity of the contour-felling treatment, the contour-felled plots installed prior to this storm are termed 'old contour felling'. Similarly, the movement and decomposition of the straw mulch means that the mulched plots installed in August 2000 are termed 'old mulch', and the mulched plots installed in May 2001 are termed 'new mulch' ( Table I ). The aerial-and hand-seeded plots were lumped because these two groups had no significant differences in plot characteristics, or the type and amount of ground cover at any point during the study.
Precipitation
Nearly all of the erosion from burned areas in the Colorado Front Range is due to high-intensity summer thunderstorms (Benavides-Solorio, 2003) , so our precipitation data focus on the period from 1 May to 30 September. Precipitation in and around the Bobcat Fire was measured by five recording rain gauges (Figure 3 ). The rainfall measured in 2000-03 was compared with the 20-year record from a gauge at Drake. The lag in obtaining and installing some of the rain gauges means that the rain gauge at Storm Mountain was used to characterize the precipitation at the Bobcat and Galuchie sites from 6 July to 7 September 2000, and the Green Ridge gauge was used to characterize precipitation at the Spruce site until the Spruce gauge was installed on 5 July 2001.
Total rainfall, storm duration, maximum 30 min intensity (I 30 ), rainfall erosivity (Brown and Foster, 1987) , and a time-weighted linear 10-day antecedent rainfall index were computed for each storm that produced sediment as identified by field visits. Storms were separated by periods of at least 1 h with no precipitation. The return periods for the largest storms were determined from a rainfall frequency atlas for Colorado (Miller et al., 1973) .
Sediment collection
Silt fences (Dissmeyer, 1982; Robichaud and Brown, 2002) were used to measure the sediment produced from the 34 hillslope plots. Twenty-two silt fences were located in swales and 12 were on planar hillslopes (Table I ). The planar hillslope plots generally had smaller contributing areas. Multiple silt fences were installed on the seven largest plots to increase the sediment storage capacity. After each storm, any large organic debris (e.g. cones or branches) was removed and discarded, and the sediment captured behind each fence was removed and weighed. For each fence, the measured sediment weight was adjusted by the water content determined from a 500-1000 g composite sample (Gardner, 1986) . The adjusted weight was divided by the contributing area to obtain event-based unit area sediment yields. These event-based sediment yields were summed for August-December 2000 and each successive calendar year to determine annual sediment yields.
Plot characterization
The contributing area of each plot was first flagged and then surveyed using a Trimble Pathfinder  Pro XR global positioning system. Hillslope gradients were measured with a clinometer. The aspect of each plot was measured and classified into one of the four cardinal directions.
Surface cover was measured at 79 to 305 points within each plot using a transect method (Parker, 1951) . The surface cover was classified at each point as bare soil, ash, live vegetation, litter, straw, standing dead tree, woody debris, or rock. Surface cover was first measured in fall 2000, and the measurements were repeated in both spring and fall in 2001, 2002, and 2003 . Ground cover is defined as the sum of all surface cover types except bare soil and ash. In fall 2000, the number of grass seeds and seed hulls was counted on five or six 0Ð09 m 2 sub-plots within each of the seeded plots.
Quality assessment and infiltration in contour-felling plots
The quality of the contour-felling treatment was assessed from seven 30-log samples in the Bobcat, Eldorado, and Hi Meadows Fires. Each log was assessed to determine whether it was on contour and had continuous ground contact. Since many of the logs had been bucked into shorter lengths, the installation quality was assessed for each section, and the length of each log that could store water or sediment was termed the effective length L. The potential log storage per unit area S L m 3 ha 1 was calculated by
Ld 2 x d 4 1 Figure 4 . Cross-section of a contour-felled log showing the measurements used to quantify the storage capacity. The schematic shows a log with no remaining storage capacity where A (ha) is the area over which measurements were made, n is the number of contour-felled logs in the area, L (m) is the effective length of the ith log, d (m) is the diameter of the ith log, and x (m) is the distance from the top of the ith log to the hillslope (Figure 4 ). The density of logs was the sum of the overall lengths of the logs divided by A. Paired infiltration measurements were made in the trenches behind the contour-felled logs and on the burned hillslope adjacent to the logs. A rectangular infiltrometer, 20 cm wide and 50 cm long, was driven at least 5 cm into the ground. Water was ponded until the ground surface was covered and the infiltration rate was measured at 2 min intervals for 30-90 min (Bouwer, 1986) . The final infiltration rate was the mean of the last 10 measurements. Six pairs of measurements were made at the Spruce site in fall 2000, early summer 2001, and fall 2001.
The reduction in runoff due to contour felling can be calculated by
where Q m 3 is the maximum potential change in runoff due to contour-felled logs, A H (ha) is the hillslope area, A T (ha) is the area of the trenches behind the contour-felled logs, I T cm h 1 is the infiltration rate in the trenches, I H cm h 1 is the infiltration rate on the adjacent hillslopes, D (h) is the duration of the storm, and t is the time in hours. For this paper, we calculated the reduction in runoff for a 1 ha hillslope using a numerical approximation of Equation (2) and the mean of the measured values for S L , I T , and I H . To calculate A T , we assumed that the trenches were 0Ð3 m wide and that I T would occur over the mean effective length.
Statistical analyses
The 2000-03 ground cover and live vegetative cover data and the event-based and annual sediment yields from 2001 to 2003 were treated as repeated measures in mixed models with 'site' as a random variable, 'treatment' as a fixed variable, and 'plot' as the subject of repeated measures (Littell et al., 1996) . The number of days since fire containment was used as the period of the repeated measures for ground cover, live vegetative cover, and event-based sediment yields. The year was the period of the repeated measures for annual sediment yields. Aspect was tested as a covariate for ground cover and the 2001-03 sediment yields, and slope was tested as a covariate for the 2001-03 sediment yields. The mean ground cover for each plot for each year was substituted for treatment in a separate analysis of the 2001-03 sediment yields, since treatment and ground cover were not independent. The sediment yields were log-transformed because their distributions were approximately lognormal (Ott, 1993) .
Event-based comparisons between sites were not possible because the rainfall was so spatially varied. The Spruce site was used to test whether the event-based sediment yields were significantly related to rainfall I 30 , rainfall erosivity, and the antecedent rainfall index. This site was selected because it had the largest number of plots and treatments and the same amount of rainfall could be assigned to each plot. When multiple storms occurred before the sediment could be removed, the measured sediment was associated with the total rainfall, total erosivity, and maximum I 30 of the sediment-producing storms and with the antecedent rainfall index for the first storm.
The difference in seed density between the aerial-and hand-seeded plots was tested using a t-test, and seeding method was used as a treatment in a repeated measures analysis of the live vegetative cover in the seeded plots. Multiple comparisons were tested using least-squares differences on the least-squares means if the overall effect was significant (Ott, 1993) . A repeated measures analysis was conducted on the infiltration rates to determine trends over time and the significance of the difference in infiltration rates between the trenches and the adjacent burned hillslopes (Littell et al., 1996) . The significance level for all statistical tests was 0Ð05 unless indicated otherwise.
RESULTS
Precipitation
Data Between August 2000 and October 2003 there were 13 rain storms that produced sediment at the Bobcat and Galuchie sites and 18 storms that produced sediment at the Spruce site (Table II) . Although the median rainfall for these storms was approximately 10 mm at each rain gauge, there was tremendous spatial variability in the magnitude of individual storm events. The largest storm occurred on 16 August 2000, when 48 mm was recorded at the Storm Mountain gauge in 2 h, and the estimated recurrence interval for this event is 5-10 years (Miller et al., 1973) . For this same storm, the Green Ridge gauge, which is less than 10 km to the east, recorded only 7 mm of rainfall (Table II (Table II) .
The spatial variability in the large storms meant that there was more variability in the rainfall erosivity values between sites and between years than in the number of sediment-producing storms (Table II) (Table II) . At the Spruce site, the total erosivity of the sediment-producing storms varied from just 15 MJ mm ha 1 h 1 in summer 2000 to 613 MJ mm ha 1 h 1 for four sediment-producing storms in summer 2003. Each of these four storms had a higher erosivity than all of the other storms except for the 16 August 2000 storm as recorded at the Storm Mountain rain gauge (Table II) .
Plot characteristics and seed density
The contributing areas for the plots ranged from 0Ð015 to 0Ð86 ha, and averaged 0Ð19 ha (Table I ). The mean slope was 31%, although values ranged from 11 to 69% (Table I) . Most of the plots had a northerly or southerly aspect, and none of the plots had a westerly aspect. Each of the treatments except the new mulch had at least two plots with a northerly aspect and two plots with a southerly aspect (Table I) . In September 2000 the mean seed density for the four seeded plots was 210 m 2 , or about half of the target seed density of 440 m 2 . The mean seed density of 96 m 2 in the two aerially seeded plots was significantly less than the mean seed density of 330 m 2 in the two hand-seeded plots. This difference is at least partly due to the timing of the seeding and the measurements, as the aerial seeding was completed prior to the large storm on 16 August 2000, whereas the hand seeding was done after this event. Field observations indicated that much of the aerially applied seed was washed downslope by the runoff from this storm, and this may account for the lower number of seeds in the aerially seeded plots.
Surface cover
In the first 3 months after burning there was very little ground cover or vegetative regrowth, except in the mulched plots ( Figure 5) . In fall 2000, the mean ground cover in the control plots was 33%, and this was comprised primarily of post-fire needle cast, burned woody debris, and rocks. The mean amount of live vegetative cover in the control plots was only 1%. In fall 2000, only the old mulch plots had significantly more ground cover (74%) than the control plots. The contour-felled plots had more than twice as much woody debris as the controls, but there was no significant difference in the total ground cover because woody debris was such a small component of the total cover.
By spring 2001 the ground cover in the control plots had increased significantly to 42%. The amount of ground cover continued to increase in each measurement period until fall 2003, when the mean value was 88% ( Figure 5 ). The increase in ground cover over time was significant for each treatment except the new mulch. The old and new mulch treatments were the only treatments with significantly more ground cover than the controls (Figure 5 ), and these differences were significant through fall 2002. By spring 2003, none of the treatments had significantly more ground cover than the controls.
The measured increases in ground cover were due to significant increases in the amount of live vegetative cover. The only treatment with significantly more live vegetative cover than the controls was the old mulch treatment, and this was true from fall 2001 to fall 2003. There were no significant differences in the amount of live vegetative cover between the hand-seeded plots and the aerial-seeded plots, despite the more than threefold difference in seed density. Aspect did not significantly affect the amount of ground cover or live vegetative cover for any of the treatments. In the mulched plots, live vegetative cover gradually replaced straw as the dominant ground cover. For example, from fall 2000 to spring 2001 the amount of straw in the old mulch plots decreased from 51% to 38%, while the amount of live vegetative cover increased from 4% to 17%. By fall 2003, the mean straw cover had dropped to 0% for the old mulch treatment and 8% for the new mulch treatment, while the amount of live vegetative cover was 74% and 61%, respectively. Field observations indicate that the decline in the amount of straw was due to both decomposition and the removal of straw by wind and overland flow.
Sediment yields
All of the sediment collected over the study period was generated by rainstorms from May to September; no sediment was generated by snowmelt runoff in 2001, 2002, or 2003 . As might be expected, the large storm on 16 August 2000 generated more sediment than any other storm, because this had the highest rainfall erosivity and only the mulched plots had more than 40% ground cover. The silt fences were overtopped in each plot except for the three old mulch plots and one of the four old contour-felled plots. The measured mean sediment yields in 2000 were 6Ð2 Mg ha 1 for the control plots, 3Ð9 Mg ha 1 for the seeded plot, 8Ð8 Mg ha 1 for the old mulched plots, and 5Ð8 Mg ha 1 for the old contour-felled plots (Table III) . Because of the overtopping, these are minimum values for all treatments except the old mulch.
There were seven or eight sediment-producing storms at each site in 2001 (Table II) . The mean sediment yield for the control plots was 9Ð5 Mg ha 1 , or 50% higher than in 2000. Mean sediment yields were significantly lower than the controls for both of the mulch treatments and the new contour-felling treatment (Table III) . Although five silt fences overtopped in summer 2001, excluding these data does not substantially alter the mean sediment yields or the results of the significance tests between treatments. However, the overtopping does mean that the mean sediment yields were underestimated for the controls and the old contour-felling treatment in both 2000 and 2001, and for the seeding treatment in 2000.
There were only three to four storms that produced sediment in 2002 (Table II) and the total erosivities at each site were relatively low. This, plus the increase in the amount of ground cover, meant that the mean sediment yields for each treatment were significantly lower in 2002 than in 2001. For the control plots, the mean sediment yield was 1Ð2 Mg ha 1 , or just 13% of the value from 2001. Only the old and new mulch treatments had significantly lower sediment yields than the controls, and these values were less than 0Ð03 Mg ha 1 (Table III) . There was a further decline in mean sediment yields for each of the treatments between 2002 and 2003 (Table III) . For the control plots, the mean sediment yield in 2003 was significantly lower at 0Ð7 Mg ha 1 , or less than 60% of the 2002 value, despite the sixfold increase in rainfall erosivity at the Spruce site (Table II) . Significant declines also were recorded for the seeding, old mulch, and new contour-felling treatments. None of the treatments had significantly lower sediment yields than the controls, and this is attributed to the much lower sediment yields in the control plots and the high relative variability in sediment yields among the plots within each treatment.
Factors affecting sediment yields
Ground cover was a strongly significant covariate for sediment yields in 2001-03 (p < 0Ð001). Plots with less than 50% ground cover always had sediment yields of at least 1Ð0 Mg ha 1 year 1 , even when rainfall was well below normal ( Figure 6 ). The converse was not always true: in 10 cases, high rainfall erosivities caused plots with at least 62% ground cover to have annual sediment yields higher than the assumed background sediment yield of 0Ð3 Mg ha 1 year 1 . These cases included the three old mulch plots in summer 2000, two old mulch and two control plots in summer 2001, and one seeded and two control plots in summer 2003.
Slope was not a significant covariate for annual sediment yields. There were no significant differences in sediment yields between north and south aspects for the control, mulch, or old contour-felling treatments. Aspect was a significant covariate for sediment yields for seeding and new contour felling, but the difference between aspects was small. In contrast to other studies (Benavides-Solorio and MacDonald, 2005) , there were no significant differences in unit area sediment yields between the control plots located in swales and the control plots on planar hillslopes.
The event-based sediment yields were not significantly related to total rainfall, I 30 , rainfall erosivity, or the antecedent rainfall index. This lack of significance may be caused by the larger, confounding effect of the decline in sediment yields over time and the resultant variability in the effect of rainfall. For example, a storm on 24 July 2001 resulted in a mean sediment yield of 0Ð3 Mg ha 1 from the control plots at the Bobcat and Galuchie sites, whereas a larger storm on 3 June 2002 (Table II) 
Installation quality and effectiveness of contour felling
The density of the contour-felled logs, installation quality, and sediment storage capacity (S L ) varied considerably within and among the three fires. The mean density of logs for all seven sites was 680 m ha 1 , although values ranged from 150 m ha 1 at the Galuchie site to 1300 m ha 1 at the Hi Meadows HST-2 site (Table IV) . Within the Bobcat Fire, only the Spruce site exceeded the target density of logs of 300-450 m ha 1 (USDA Forest Service, 2000a). The overall mean log length was 5Ð0 m, but this ranged from 2Ð9 m at the Eldorado G-1 site to 6Ð6 m at the Spruce site (Table IV) . The overall mean log diameter d was 0Ð23 m, and site-averaged values ranged from 0Ð18 to 0Ð27 m.
Logs were classified as ineffective when they had been placed or moved off contour, did not have good contact with the ground surface, or both. Of the 210 logs assessed, 32% were classified as partially or completely ineffective (Table IV) . Nearly half of the ineffective logs were due to the logs being off-contour, one-fifth were due to poor ground contact, and one-third of the ineffective logs were both off-contour and had poor ground contact (Table IV) .
Some segments of the ineffective logs were still able to store runoff and sediment, and some of the logs that were largely effective had ineffective portions at one or both ends. The more precise measurements along each log showed that only 43% of the total length of the contour-felled logs could be classified as effective for storing runoff and sediment. Site values ranged from just 17% at the Hi Meadows HST-2 site to 81% at the Spruce site in the Bobcat Fire (Table IV) .
The variability in the quality of the installation of the logs contributes to the wide variability in potential storage volumes (Table IV) . The overall mean S L was 16 m 3 ha 1 , and the range was from 6Ð8 m 3 ha 1 at the Bobcat site to 32 m 3 ha 1 at the Hi Meadows HST-3 site (Table IV) . Since effective length was the largest control on the sediment storage capacity of individual logs (R 2 D 0Ð69, p < 0Ð0001, n D 210), it follows that effective log length per unit area explains 57% of the variability in site storage capacity (p D 0Ð048). The site-scale storage capacity was not significantly correlated with total log length per unit area, mean log diameter, log failure rate, or mean slope. The lack of significance for these factors is probably due to the small number of sites and the high variability in the measured components among sites.
Infiltration in contour-felling plots
In fall 2000, the mean infiltration rate in the trenches (I T ) was 18 cm h 1 versus 8Ð2 cm h 1 for the adjacent hillslopes (I H ), and this difference was significant (Figure 7) . In 2001, the mean I T progressively Table IV . Log characteristics, installation quality, and the maximum potential site storage capacity by site for the contour-felling treatment. Total effectiveness is the length of the logs at each site that are capable of capturing sediment, and this is expressed as a percentage of the total log density , and this means that there were no significant differences in infiltration between the trenches and the hillslopes in summer and fall 2001. The decrease in I T was probably due to the accumulation of fine sediment and organic matter in the trenches, whereas the increase in I H was probably due to the breakdown of the fire-induced water-repellent layer (MacDonald and Huffman, 2004) . These results suggest that the trenches behind the contour-felled logs can only enhance unit area infiltration rates immediately after burning and before they fill with sediment. When the fall 2000 infiltration rates are extrapolated to the hillslope scale using the mean S L and Equation (2), the maximum potential decrease in runoff Q for a 1 h storm is 26 m 3 , or 2Ð6 mm over a 1 ha hillslope. This value represents 26% of the median rainfall for the storms that produced sediment, or 10% of the 2-year, 1-hour storm. Q will decline as the trenches above the logs are filled with sediment and there is progressively less difference between I T and I H . The importance of Q also will diminish with increasing storm size.
DISCUSSION
Effect of seeding and mulching on ground cover and sediment yields
The mean seed density in the four seeded plots was only 210 m 2 , which is at the low end of the range recommended by the USDA Forest Service (1995). The seed was applied in summer 2000, but little germination was observed until the following spring. The lack of germination is supported by the fact that there was no significant change in the amount of live vegetative cover in the seeded plots between fall 2000 and spring 2001. Neither aerial nor hand seeding increased the ground cover relative to the controls, and there was no significant relationship between seed density and live vegetative cover. These results show that seeding had no detectable effect on the amount of ground cover.
Other researchers have used the amount of ground cover to indicate the effectiveness of seeding or other treatments in reducing post-fire erosion. Robichaud et al. (2000) suggested that 60% ground cover should be sufficient to protect a treated watershed from erosion. The data reported here generally support this threshold, as all of the plots with sediment yields at or below the presumed background rate of 0Ð3 Mg ha 1 year 1 (Moody and Martin, 2001 ) had at least 54% ground cover. For the first 2 years after burning, the mulched plots had significantly more ground cover than the controls and significantly lower sediment yields. In 2001, the sediment yields from the old and new mulched plots were less than 5% of the sediment yields from the control plots. This reduction is slightly greater than the 3003 91% reduction observed from three mulched plots in a burned pine forest in Spain (Bautista et al., 1996) , substantially higher than the approximately 30% reduction as a result of mulching in semi-arid shrublands in northeast Spain (Badia and Marti, 2000) , and similar to the values measured from smaller plots after the Cerro Grande Fire in New Mexico (Dean, 2001) . In absolute terms, the mean sediment yields from the old mulch plots in 2002 and 2003 were less than the presumed background level of 0Ð3 Mg ha 1 , and the sediment yields for the new mulch plots were less than 0Ð03 Mg ha 1 in 2001, 2002, and 2003 . These results show that mulching is generally effective at reducing post-fire erosion rates, and this can be attributed to both the immediate increase in ground cover and the more rapid regrowth in the old mulch plots in the first year after burning. Other studies have documented that mulching provides more favourable conditions for plant germination and growth (Barfield et al., 1983; Goldman et al., 1986) , and our data indicate that this also is true for severely burned areas.
Event-based comparisons showed that sediment yields for similar storms were much lower in 2002-03 than in 2000-01. We attribute the much lower sediment yields in 2002-03 to the increase in total ground cover. The importance of ground cover in reducing post-fire sediment yields is increasingly well documented (e.g. Benavides-Solorio and MacDonald, 2001, 2002; Pannkuk and Robichaud, 2003; Benavides-Solorio and MacDonald, 2005) . The observed decline in annual sediment yields cannot be attributed to decreasing soil water repellency, as the fire-induced soil water repellency in the Bobcat fire was undetectable within a year after burning (MacDonald and Huffman, 2004) , whereas sediment yields did not decline until the third summer after burning.
Effectiveness of contour felling
In 2000, the old contour-felling treatment and the control plots had similar mean sediment yields, even though the contour-felled plots had a mean sediment storage capacity of 7 m 3 ha 1 . The lack of any treatment effect is at least partly due to the very large storm on 16 August 2000, as the sediment generated by this storm filled the storage behind the logs and overtopped the silt fences in three of the four contour-felled plots and all of the control plots. Visual observations indicate that the surface runoff from this storm initiated rills at the downslope end of the logs that were off-contour. The lack of any sediment storage after this storm and the continued rilling explain why the old contour-felling treatment did not significantly reduce sediment yields relative to the controls in 2001-03.
The contour-felling treatment installed at the Spruce site in September 2000 had a lower log failure rate and an S L of 18 m 3 ha 1 , or 2Ð6 times the mean S L of the Bobcat and Galuchie sites. Since the contour-felled plots at the Spruce site were not subjected to the large storm on 16 August 2000, this storage capacity was largely unfilled at the beginning of the summer thunderstorm season in May 2001. As a result, the new contour-felling treatment reduced 2001 sediment yields by 71% relative to the controls, and this difference was significant. In 2002 and 2003 the mean sediment yields from the new contour-felling treatment were 83-91% less than the controls, but the low sediment yields and high between-plot variability meant that these differences were not significant.
If the mean bulk density of the eroded sediment is assumed to be 1Ð5 Mg m 3 , then the mean storage capacity of the contour-felled logs at the Spruce site is approximately 24 Mg ha 1 , or more than twice the mean sediment yield from the control plots in 2001. Since 2001 was a relatively wet year, the implication is that contour felling in the Colorado Front Range may be able to capture most of the sediment generated in the first year after burning, assuming average summer rainfall. In general, the effectiveness of contour felling in reducing sediment yields will depend on the density, size, and quality of installation of the contour-felled logs, as well as the magnitude and timing of the subsequent storm events.
Contour felling is relatively labour intensive and expensive at about US$1000 ha 1 , but relatively small modifications could greatly reduce the failure rate. At the Spruce site, earth berms were constructed upslope from the ends of the trenches on about half of the logs. These berms prevented runoff from flowing around the ends of the logs, and this greatly improved the effectiveness of the logs that were slightly off-contour. This simple addition could potentially increase the mean storage capacity by up to 30%, which is the maximum off-contour failure rate, and this would increase the sediment storage capacity by up to 5 m 3 ha 1 . This increase in storage capacity would increase the likelihood that contour felling could reduce post-fire sediment yields.
Contour felling will be much less likely to reduce peak runoff rates because the volume of runoff is so much greater than the volume of eroded sediment. The calculated mean storage capacity of 2Ð6 mm could be increased to a maximum of about 5 mm if the site with the highest potential storage capacity is assumed to have a 0% failure rate. This storage capacity could reduce the amount of runoff from small-or moderate-sized storms, but the reduction in runoff will become progressively less important in the larger storms. Both S L and I T will also diminish rapidly as the trenches fill with eroded sediment, and this will reduce the ability of contour felling to reduce post-fire runoff rates. The implication is that any effort to predict the effectiveness of contour felling must be done on a probabilistic basis, as this treatment might be effective in one year, such as the new contour-felling treatment in 2001, but not when a site is subjected to a very large storm event, as happened with the old contour-felling treatment in summer 2000.
CONCLUSIONS
Natural recovery was relatively rapid, as the total ground cover in the untreated control plots increased by 55% between 2000 and 2003, and this recovery was mainly due to the increasing amounts of live vegetation. Mean sediment yields in the control plots exceeded 6 Mg ha 1 in the first two summers after burning, declined to 1Ð2 Mg ha 1 by the third summer after burning, and dropped to just 0Ð7 Mg ha 1 by the fourth summer after burning. The event-based data indicate that this decline was not caused by a reduction in rainfall, and the event-based and annual sediment yields were most closely correlated with the amount of ground cover. Both the event and annual data show that sediment yields approach background levels once there is at least 60% ground cover.
The seeding treatment had no detectable effect on total ground cover, the rate of vegetative recovery, or sediment yields. This lack of effectiveness can be attributed to the ineffectiveness of seeding rather than the low seed densities. In contrast, the mulched plots always had significantly more ground cover than the controls, as the mulch immediately increased the mean ground cover to nearly 80% and facilitated vegetative regrowth. Unit-area sediment yields from the mulched plots were less than 5% of the value from the control plots in 2001, 2002, and 2003 . However, mulching did not reduce sediment yields in 2000 because of the large amount of sediment produced from the 5-10 year storm. This indicates that mulching, which was the most effective of the three treatments, may not be effective in reducing sediment yields in the largest storm events.
For the contour-felling treatment there was considerable variation between sites in the density of logs, quality of installation, and resultant sediment storage capacity. On average, 32% of the logs were off-contour, not in good contact with the ground, or both. Mean sediment yields from the old contour-felled plots were not significantly different from the control plots, and the sediment yields from the new contour-felled plots were significantly less than the controls only in 2001, when all of the log storage capacity was available to retain sediment. The results suggest that contour felling can reduce runoff rates and sediment yields from small-or moderate-sized storms, but is not effective in larger storms or after the storage capacity has filled with sediment. Improved design and installation could increase the potential effectiveness of contour felling.
The dependence of sediment production on ground cover means that the most effective treatments will be those that immediately increase the amount of ground cover and facilitate vegetative regrowth. The natural recovery in ground cover on the untreated plots means that the relative effectiveness of any treatment will decline over time. Since the effectiveness of the mulching and contour-felling treatments varies with storm size, efforts to predict treatment effectiveness must be probabilistic rather than deterministic.
